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1. Introduction
Microfluidics is a relatively new field studying the
physical principles of fluid behaviour that have al-
ready been extensively applied in chemistry [1] and
molecular biology [2]. More recently, microfluidics
has also become increasingly applied to cellular be-
haviour and interaction studies [3–5]. The scalability
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With the benefits of automation, sensitivity and preci-
sion, microfluidics has enabled complex and otherwise
tedious experiments. Lately, lab-on-a-chip (LOC) has
proven to be a useful tool for enhancing non-invasive
assisted reproductive technology (ART). Non-invasive
gamete and embryo assessment has largely been
through periodic morpohological assessment using opti-
cal microscopy and early LOC ART was the same. As
we realize that morphological assessment is a poor indi-
cation of gamete or embryo health, more advanced bio-
photonics has emerged in LOC ART to assay for meta-
bolites or gamete separation via optoelectrical tweezers.
Off-chip, even more advanced biophotonics with broad
spectrum analysis of metabolites and secretomes has
been developed that show even higher accuracy to pre-
dicting reproductive potential. The integration of broad
spectrum metabolite analysis into LOC ART is an excit-
ing future that merges automation and sensitivity with
the already highly accurate and strong predictive power
of biophotonics.
Integration of LOC with simple biophotonics [35]. Cur-
rently most advanced LOC requires a large amount of
supporting equipment, limiting its integration into com-
plex photonics. Progress in implementation of microflu-
idic operations without the addition of supporting equip-
ment will make LOC integration with highly complex
photonics practical.
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of microfluidics allows for unprecedented cost effi-
ciency due to the minute amount of reagents neces-
sary allowing for the execution of otherwise expensive
experiments and automation provided by embedded
microfluidic features can allow for high sensitivity
without user variability. For cell culture applications,
the small volumes can enhance autocrine effects
although nutrient depletion and waste accumulation
also becomes faster. At the microscale, the flow of
even familiar fluids like water and aqueous solutions
also becomes dramatically different due to a low Rey-
nolds number, the ratio between inertial forces and
viscous forces. When viscous forces dominate, a phe-
nomenon called laminar flow results that where the
fluid quickly and reliably moves in response to exter-
nal forces. When two or more streams converge in la-
minar flow conditions, they do not mix save for the
effects of diffusion due to a lack of turbulence.
These small volume and low Reynolds number
flow conditions can be utilized to more closely re-
semble in vivo conditions of insemination and em-
bryo culture than classical in vitro methods using cul-
ture dish, test tube or drops of media. In 1979, it was
first reported that the microenvironment holds a
dramatic importance in embryo handling and culture
[6]. More recently, it has been shown that dynamic
stimulation of oocytes increase fertilization rates [7]
as well as increase in oocyte health [8].
Microfluidic devices are typically composed of a
transparent elastomer and plastics such as PDMS
and polystyrene. This allows many lab-on-a-chip
(LOC) applications to use biophotonics for data ac-
quisition. For assisted reproductive technologies
(ART), microfluidics provides a tool for non-inva-
sive cell quality assessment especially for precious
cell samples such as oocytes and embryos. The speed
at which samples can be sorted using microfluidic
operations also allow for high-throughput screening
in ART particularly for sperm samples.
2. Basic use of biophotonics in LOC ART
Less than half of in vitro fertilization (IVF) cycles re-
sult in a live birth even for women below the age of
35 that causes severe physical, emotional and finan-
cial stress [9]. The success decreases even more with
frozen embryos and age. Thus embryo, oocyte and
sperm quality assessment is an important procedure
to identify the healthiest oocytes and sperm for IVF
and the embryos with the highest reproductive poten-
tial for implantation. However even now, embryo
morphology and cleavage rates are the most common
form of embryo quality assessment. Early LOC ART
technology also involved direct quality assessment
with periodic morphology assessment mostly based
on optical and at times fluorescence imaging.
2.1 LOC morphology assessment
of oocytes and embryos
It was first shown in 2000 that microfluidic channels
supported normal embryo development [10] and la-
ter in 2001 to show that many microfabrication ma-
terials showed good biocompatibility with murine
Figure 1 (online color at:
www.biophotonics-journal.org)
(A, C) Dynamic microfunnel ar-
chitecture provides both autocrine
factor retention and mechanical
stimulation. (B) The accessibility
of the funnel allows for easy em-
bryo introduction into and extrac-
tion from the device via simple pi-
petting. Outlet channel also
provided an effective method to
prevent the accumulation of toxins
from metabolic waste [14].
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embryos [11]. Both studies used periodic optical mi-
croscopy to assess embryo morphology. Degree of
biocompatibility was reported as the percentage of
two-cell embryos developing into blastocysts by
96 hours compared to petri dish control.
Microfluidic devices later showed functionality of
high-throughput single oocyte trapping, fertilization
and embryo culture. Allowing multiple embryos to
be individually monitored and tracked during their
development showing comparable fertility rates and
embryo development to petri dish control [12]. The
device improved upon classic embryo culture meth-
ods with ease of use through automation that simpli-
fied an otherwise labour intensive media changing
process in IVF. Due to the scale at which the micro-
fluidic device operates, it only required a small
amount of sperm sample for successful fertilization
as opposed to its macro-scale counterparts [13].
Meanwhile with specialized channel architecture
to produce dynamic fluid mechanical stimulation
while maintaining autocrine factor distribution that
mimic in vivo microenvironments (Figure 1), em-
bryos cultured in microenvironments more resem-
bling in vivo conditions had more reproductive po-
tential than petri dish controls [14]. This too used
periodic optical microscopy and morphology assess-
ment for measure showing an increase in blastocyst
development as well as blastocyst cell number as de-
termined by terminal invasive evaluation on fixed
and stained embryos. Rare among LOC ART, this
study used viability assessment such as implantation
percentage and ongoing pregnancy as a primary out-
come and showed over 20% improvement by using
dynamic microfluidic culture. The device was driven
using peristaltic actuation of Braille pins allowing for
portability and convenience without the need for ex-
tensive syringe pumps and lines connected to the de-
vice common to many microfluidic devices. The mi-
crofunnel architecture also provided accessibility of
the oocytes in both insertion into and extraction
from the device via simple pipetting. As opposed to
Figure 2 A passively driven sperm
sorter was built using surface ten-
sion and gravity as a driving force
and laminar flow regime. Flow is
from left to right. Sperm sample is
loaded in the reservoir at the top
left. Dead sperm, non-motile sperm
and debris are carried straight
across the top stream while motile
sperm are able to swim under their
own power and cross streamlines
into the collection reservoir in the
bottom right [19].
Figure 3 (online color at: www.biophotonics-journal.org)
(A–B) A microfluidic line connects the sample reservoir
to a 50 nL micro-cuvette. (C–D) The microfluidic line
which serves as a selective filter to separate motile sperm
from dead sperm, non-motile sperm and debris is 52 mm2
in cross section and 6 mm in length. (E–H) Sperm is la-
belled with Calcein-AM and upon reaching the micro-cuv-
ette are excited by excitation light and the fluorescent light
emission is detected to assess the number of motile sperm
reaching the micro-cuvette over a 50 minute period [20].
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culture in small droplets in a petri dish, LOC ART
devices are capable of extracting media during cul-
ture through the outlet channel to prevent accumula-
tion of toxic metabolic waste such as ammonia [15]
which may harm embryos [16].
2.2 LOC sperm morphology assessment
Currently, the most successful treatment for male in-
fertility is using intracytoplasmic sperm injection
(ICSI) where oocytes are fertilized via direct injection
of sperm. Requiring only a small amount of viable
sperm, ICSI drastically increases chances of contra-
ception even for severe cases of sperm-based inferti-
lity. While theoretically only one viable sperm is re-
quired per harvested oocyte, identifying and isolating
the most viable sperm is challenging [17]. Typically
samples are purified using centrifugation methods but
for difficult samples, laboratories may even hand-sort
semen samples consisting of mostly dead sperm and
debris to isolate the most motile sperm with healthy
morphology. In some cases of extremely low sperm
counts, the procedure could take hours making auto-
mated sperm sorting a welcome technology in ARTs.
Using microfluidic channels to produce mild, bio-
mimetic sorting mechanism based on sperm motility
avoids centrifugation reported to cause sublethal
damage to sperm [17, 18]. Fluid flow using laminar
flow regime consists of multiple streamlines. These
streamlines are parallel to one another according to
channel geometry with the absence of turbulent mix-
ing. Dead sperm, nonmotile sperm and debris are
unable to move on their own and thus are simply
carried by the streamline they reside in towards the
waste reservoir. However, motile sperm are able to
swim under their own power and are capable of
moving across streamlines into a secondary reservoir
designated to contain only motile sperm for extrac-
tion [19]. With surface tension and gravity as the
driving force, the channel geometry or loading con-
ditions can be controlled to adjust initial surface ten-
sion to vary the motility threshold of sperm collected
and purity.
A device using fluorescence was designed using a
built-in micro-cuvette for male subfertility screening.
A long microfluidic channel connected the sample
chamber to the micro-cuvette produced a barrier
that allowed only highly motile sperm to reach the
micro-cuvette. Calcein-AM dyed sperm can be quan-
tified using a microfluorometer to assess the level of
sperm motility [20] where higher fluorescent signal
indicates higher motile sperm count. With signal re-
corded every 30 s for 50 minutes, a profile of sperm
motility can be deduced.
2.3 Pitfalls of morphology assessments
It cannot be ignored that morphology is a poor indi-
cator of viability such as viable fetus and live birth.
A major pitfall for basic use of biophotonics in LOC
ART applications that limits their capability for
translational human ART research, it opens a large
demand for much more sophisticated biophotonics
to provide more accurate primary outcome assess-
ments. An issue spanning all fields of ART, not just
LOC, it has allowed for an opportunity in ART for
advanced predictive algorithms for long term viabili-
ty assessment using data from simple photonics
equipment that can eventually be integrated into
LOC to improve primary outcome assessments.
3. Advanced use of biophotonics
in LOC ART
With the increasing popularity of biophotonics, the
integration of this technology into LOC ART has
been exciting. In recent years, the use of continuous
imaging, optical tweezers, traps and broad spectrum
spectroscopy has widened the amount of non-inva-
sive analysis for ART purposes that provide quanti-
tative information instead of qualitative morphology
assessments.
Figure 4 (online color at: www.biophotonics-journal.org) Live cells due to the ability to maintain an ionic gradient to the
extracellular space are highly polarized in an electric field. While dead cells have no gradient are not polarized. (A) sample
is loaded into a microfluidic chamber for OET sorting. (B) Live cells experience attractive forces towards regions of high
electric field while dead or dying cells will have weak or no repulsive forces [23].
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3.1 Sperm quality assessment and sorting
In cases of extreme male infertility with the absence
of motile sperm, ICSI is still capable of producing
live births with non-motile but live sperm. This
leaves a great need for the identification of live
sperm, even if they are non-motile; a task that is la-
bour intensive and currently requires single sperm
isolation and exposure to hypo-osmotic solutions
and visualization of membrane swelling [21]. Devices
were coated with a polyethylene glycol (PEG) anti-
fouling layer and layered with a photosensitive layer
to be used for optoelectric tweezer (OET) applica-
tions. Projected light reduces the impedance on the
photosensitive layer to create regions of high electric
field. The field generated produces dielectrophoretic
force to manipulate micro- and nanoparticles. It was
shown that OET is capable of non-invasive sorting
of viable non-motile sperm from non-viable sperm
without introducing DNA damage [22]. Due to a live
cell’s ability and a dead cell’s inability to keep intact
a charge gradient between its cytoplasm and extra-
cellular microenvironment, they respond differently
to an electric field. Since live cells have a higher di-
pole moment by maintaining an ionic gradient across
its cell membrane, live cells experience attractive
forces toward regions of high electric field while
dead or dying cells have no or repulsive forces to
the electric field (Figure 4) [23]. This OET selection
process improves upon existing technologies to re-
trieve viable sperm independent of its motility over-
coming significant challenges in the ICSI sperm se-
lection process particularly for those with extreme
infertility complications.
In situations with an abundance of motile sperm,
the selection process for the ideal sperm for ICSI is
often arbitrary. A group in 2008 developed an auto-
matic microscope system for high-throughput sperm
analysis and sorting using an annular laser trap [24]
that previously required laborious joystick control.
In addition to recording sperm swim speed using
automated cell tracking technology, the system is
capable of relocating sperm and releasing them at
normal or tangential enter angles against an annular
laser trap to which the swim behaviour in response
to annular trap is assessed and categorized into three
major groups: speeding up in response to and pene-
trating the annular trap, sperm changing its swim-
ming trajectory and slides briefly along the annular
trap, and sperm changing its swimming trajectory
and slides along the annular trap for an extended
period of time (20 s) showing signs of fatigue.
Although not used routinely for human ART,
biophotonics combined with microfluidic flow cyto-
metry is now routinely applied for sex preselection
of sperm in the agricultural industry. Sperm is ex-
tracted from the bull and its DNA stained with
Hoescht 33342. Using an argon laser for excitation,
the resulting fluorescence signal allow accurate and
high-throughput identification resulting fetal sex ac-
cording to difference in DNA content, and therefore
difference in fluorescence intensity between X- and
Y-chromosome carrying sperm (approximately a
3.8% increase in signal due to larger X-chromo-
some). After identification of sex, the droplet con-
taining the sperm is charged according to the sex
and deflected using a charged plate into collection
tubes (Figure 5). Flow cytometry combined with
fluorescence detection and downstream cell sorting
were capable of preselecting the sex of calves with
90% accuracy and produced live calves without ana-
tomical or neurological abnormalities. This system is
capable of high-throughput sperm sorting up to
25,000 spermatozoa per second [25]. Although both
cytometer and detector are capable of much higher
speeds, 25,000 spermatozoa per second was empiri-
cally determined as optimal due to limitations stem-
ming from the need to individually encase each sper-
matozoa in its own droplet for accurate DNA
assessment.
3.2 Direct oocyte or embryo quality
assessment
Like morphology assessment of spermatozoa, selec-
tion of mature oocytes is also often subjective. A
quantifiable measure is needed to eliminate subjec-
Figure 5 (online color at: www.biophotonics-journal.org)
(A) Overview of sperm sorter set up. Computer not in-
cluded. (B) Integration of optics and hydrodynamics. (C)
Instabilities in the stream are applied via mechanical vibra-
tions. (D) Droplets are given either a negative or positive
charge depending on their sex. Under an electric field, the
droplets experience a horizontal force that directs them
into the collection tubes [25].
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tivity for optimal selection of the healthiest oocytes
for IVF. However the need for non-invasive tests
limits the number of biophotonic spectroscopies ap-
propriate for direct analysis of precious cell sam-
ples.
Oocytes are positioned in the middle of two opti-
cal fibres within a microfluidic device by holding mi-
cropipettes commonly used in IVF micromanipula-
tors for ICSI. With a white light illumination fibre
and a collection fibre, the absorption spectra can be
measured. The absorption spectra provided a quanti-
fiable measure of oocyte maturity by comparing dif-
ferent spectra maxima and width. A fully immature
oocyte was found to have maxima of 630 nm wave-
length and a width of 270 nm while a fully mature
oocyte was found to have maxima of 580 nm and a
width of 210 nm (Figure 6) [26]. Using the absorp-
tion spectra, the subjectivity of determining maturity
has been eliminated with quantifiable measures.
Optoelectric tweezers were also used to separate
normal oocytes from abnormal oocytes. Via the same
mechanism as for sperm, normal oocytes are able to
move against gravity under OET induced electric
field while abnormal oocytes stay stationary at their
initial starting point [27, 28]. With selective discrimi-
nation of healthy oocytes, OET induced electric fields
provide another non-subjective mechanism for select-
ing oocytes with the best developmental potential.
The advancement of LOC ART optical micro-
scopy from periodic to continuous imaging has en-
abled the control of osmotic shock associated with
oocyte cryopreservation. Vitrification is the transfor-
mation of a substance into glass and the vitrification
of oocytes has recently been shown to be more suc-
cessful than classical slow-freezing cryopreservation
in establishing pregnancy [29]. However to prepare
oocytes into vitrification solution, a highly hyperos-
motic solution, oocytes are transferred stepwise into
ever increasing concentrated CPA solutions while
suffering from an osmotic shock on each step. Stu-
dies have been conducted to show that using extra
transfer steps with less change in concentration on
each step decreases osmotic shock and increases
cryopreservation quality [30] but at the cost of prac-
ticality as the transfer of oocytes is delicate, prone to
accidents and requires extensive training [31]. With
the precision and sensitivity afforded by microflui-
dics, LOC is capable of exposing oocytes to a contin-
uous profile of gradually increasing CPA concen-
trations. With a continuous profile, essentially an
infinite amount of steps, and microfluidic automation
and continuous optical microscopy, the oocytes were
shown to be successfully exposed to vitrification so-
lutions with dramatically less osmotic shock and la-
bour than manual controls [32].
3.3 Indirect oocyte or embryo quality
assessment
As understanding of reproduction and associated
technologies become more advanced, simple meas-
ures of oocyte quality such as morphology and ma-
turity become insufficient [33]. Indirect oocyte or
embryo quality assessment opens the full field of
biophotonic spectroscopies to quantify cell quality.
Indirect assessments typically perform spent media
analysis to calculate oocyte or embryo metabolism.
Embryo metabolism provides a much clearer indica-
tion of embryo health. For example, mouse blasto-
cysts with low glycolytic activity (closer to in-vivo le-
vels) have been shown to indicate high viability [34]
and human blastocysts with the highest glucose up-
take were correlated with the highest reproductive
potential [35].
An automated, computer-controlled microfluidic
device was designed for continuous embryo culture
with integrated spent media analysis on-chip. Using
a versatile Braille display for pumping and valving,
the chip is capable of automated glucose measure-
ment assays with fluidic sampling, pumping, mixing
and washing steps (Figure 7) [36]. The glucose assay
uses coupled glucose oxidase-peroxidase reaction to
produce fluorescent resorufin from colourless am-
plex red reagent at a 1 : 1 stoichiometry. The long
emission wavelengths of resorufin (587 nm) allow
for sensitive fluorescent quantification of glucose.
The chip is capable of real time and continuous cul-
ture with measurements every 5 seconds for over
6 hours. Use of a glucose assay that utilizes long ex-
citation wavelengths (488 nm) are safer for embryos
than typical ultraviolet light used in NADPH-linked
glucose assays previously used for off-chip embryo
Figure 6 The degree of oocyte maturity can be analysed
using the absorption spectra by assessing the location of
maxima and spectral width [26].
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metabolism measures. This was important to prevent
exposure of embryos to damaging UV light.
The need of shielding embryos from harmful UV
light was the basis of other groups using two devices
to perform LOC embryo metabolism measurements
to separate embryo cultures from the metabolite as-
say device later to be subject to UV light. This meth-
od was capable of measuring more metabolites using
shorter excitation wavelengths but required periodic
manual transfer of spent media from embryo culture
to microfluidic device. Spent media was extracted
via pipetting from microdrops containing embryos
on a petri dish and transferred into a microfluidic
device. Upon manual loading of spent media sample
and reagents necessary for performing glucose, pyru-
vate, and lactate enzymatic assays in full automation
involving enzyme cocktail aliquotting, mixing of re-
agents, data acquisition, and data analysis [37]. The
device is also capable of serial measurements of me-
tabolites within 5 minutes and full automated analy-
sis of 10 samples with intermittent calibration in a
3 hour period.
4. Future of biophotonics in LOC ART
Due to low pregnancy rates per embryo transferred
in IVF, IVF treatments typically transfer multiple
embryos simultaneously to increase pregnancy po-
tential. However with each addition of an embryo,
the chance of multiple births dramatically increases.
Single embryo transfer (SET) is an effective techni-
que to minimize risks of multiple pregnancies but its
acceptance is limited due to the inaccuracy of em-
bryo reproductive potential assessments [38]. For
SET to gain popularity, a more selective process for
the embryo with highest reproductive potential is
needed. Biophotonics has made significant advances
particularly in metabolic profiling for ART. However
current LOC metabolic profiling requires assaying
for a specific metabolite of interest. When multiple
metabolites of interest are involved, the LOC
quickly becomes convoluted in design. The integra-
tion of LOCs with external optics also becomes
more difficult due to the need to place supporting
optics and syringe pumps within close proximity to
the device. However groups within the biophotonics
community, although not on LOC devices, have
shown the use of spectroscopy capable of capturing
a broad spectrum of metabolites without the need to
assay for a specific metabolite.
Although not photonics, nuclear magnetic reso-
nance (NMR) spectroscopy is a powerful technique
for non-invasive examination of biological fluids.
Based an atomic nuclei’s magnetic properties, NMR
provides data rich in simultaneous structural and
quantitative information capable of screening urine
samples for hundreds of pathophysiological condi-
tions in a single spectral measurement [39]. However
the technique is expensive in both time and financial
costs, although some measurements can take less
than a minute, some may take a few hours. NMR
also requires highly specialized personnel not always
available in a clinical setting to operate equipment
and analyse results.
Mass spectroscopy (MS) has also emerged as a
popular tool for metabolic profiling providing advan-
tages over other spectroscopies such as the ability to
detect many metabolites at physiological conditions
from mM concentrations with a high mass accuracy
in parts per million [40]. MS was shown to not only
be able to detect metabolites consumed by embryos,
but also the secretomes of mouse and human em-
bryo. Noting a dramatic difference in secretomes of
degenerating embryos and a developing blastocyst
[41], MS is providing a new field of opportunities to
understand embryonic physiology.
Although not as specific and detailed in informa-
tion provided compared to NMR, a group used
spent embryo media with near-infrared (NIR) spec-
troscopy to distinguish viable embryos from non-vi-
able embryos independent of morphology. Spectral
regions (ROH, –SH, C¼C, –OH and –NH groups)
of metabolic profiles were quantified using inverse
least-squares regression and leave-one-out cross vali-
dation to produce a relative embryo viability score
Figure 7 (online color at: www.biophotonics-journal.org)
Braille-driven device is highly programmable capable of
complex operations such as (A) priming, (B–C) mixing
and reactions, and (D) washing and injection with minimal
support from external sources unlike typical syringe-driven
devices that require additional syringe pumps for complex
operations [36].
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to assess embryo reproductive potential [42]. NIR
broad spectrum metabolic profiling was shown to be
superior to morphology assessment for selective em-
bryos for SET to produce an on-going pregnancy
[43]. At day 2 after SET, metabolic profiling was
shown to be 40% more accurate in assessing viable
embryos than morphology (69% and 27.6%). At day
3 after SET, it was 15% more accurate with 53.6%
accuracy with NIR metabolic profiling as opposed to
38.5% for morphology. The study showed a large in-
ter-patient or inter-embryo variability with regards
to the calculated viability score and more studies are
needed to identify the causes of this variability.
Nevertheless, a low viability score was highly predic-
tive of poor pregnancy. In another study, NIR was
shown to have 75% sensitivity at predicting embryo
implantation and resultant delivery between binary
groups of patients (0 or 100% implantation rates)
[42]. With each study, NIR metabolic profiling
proves to be a powerful analysis to be used in em-
bryo selection for SET.
Raman spectroscopy uses a laser of monochro-
matic light that provides similar but complimentary re-
sults to NIR spectroscopy. Raman spectroscopy is
superior to NIR for aqueous samples due to water
producing very weak Raman signals. Raman spectro-
scopy based metabolic profiling by itself was capable
of 80.5% accuracy for predicting (100%) implantation
and associated delivery or (0%) failed implantation
[44]. In agreement with previously described studies
of metabolic profiling, there is a clear correlation be-
tween metabolism and reproductive potential for hu-
man embryos leaving no question that metabolic pro-
filing is a powerful tool for clinical screening for the
best embryos for procedures such as SET in the future.
Currently, embryo cultures were done in micro-
drops consisting of 50 mL media. Raman and NIR
spectroscopy can be performed with 15 mL of spent
media in approximately one minute [42]. Its integra-
tion into LOC technology will provide quantitative in-
formation on how recreating physiological conditions
during culture increase embryo reproductive poten-
tial. Using only a fraction of media necessary with
conventional microdrop embryo culture, spent media
from LOC devices will have a higher ratio between
embryos and surrounding media allowing for higher
concentrations of secretomes for heightened detector
sensitivity to embryo secretion rates. Automation pro-
vided by LOC ART promises a less laborious process
as well as elimination of operator variability.
The advancement from periodic to continuous
imaging alone delivered incredible insight on human
embryo development. Continuous monitoring with
dark field microscopy is capable of predicting human
embryo development into the blastocyst stage with
93% sensitivity by measuring only three parameters
by day 2 after fertilization (Figure 8) [45]. This study
used an automatic computer algorithm for real-time
embryo development monitoring and prediction
showing that with continuous imaging, promise of
advanced diagnosis of embryo potential. The inte-
gration of this highly accurate predictive technology
to LOC ART applications will greatly increase its
viability assessment power and address one major
pitfall to LOC ART applications translational human
research.
Figure 8 (online color at:
www.biophotonics-journal.org)
(A–B) Continuous imaging com-
bined with automatic monitoring
algorithm. (C–D) By analysing
parameters such as duration of
first cytokinesis and time between
1st and 2nd mitoses, the algorithm
is capable of predicting whether
embryos will develop with good
and bad morphology [45].
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Integration of spectroscopy with microfluidics that
allows for broad spectrum analysis of metabolites or
secretomes poses significant challenges. LOC auto-
mation typically necessitates microfluidic operations
embedded into the device. With each operation (mix-
ing, diluting, valving), the device often becomes much
more complicated requiring supporting equipment
off-chip such as additional syringe pumps (Figure 9).
For this reason, LOC is often a lab-on-a-chip-in-a-
lab of specialized equipment, a major challenge to
many biology and chemistry labs adopting the tech-
nology. Flexibility of operations such as valve tim-
ings is limited due to the built-in automation nature
of LOC. So often when rather small features need
adjustment, entirely new masters need to be pre-
pared using photolithography, a specialized techni-
que involving equipment also not available to most
chemistry and biology labs. To address these issues
to increase the usability of LOC technologies to a
broader scientific community, many groups make
progress in developing easy fabrication techniques
without the use of photolithography [46] and using
intelligent design built-in micro geometries to imple-
ment microfluidic operations without the use of ad-
ditional supporting equipment [47].
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fostered the steady growth of the field 
of digital image processing, though the 
computational complexity remains a 
problem for most of the digital image 
processing applications. In parallel, the 
research domain of optical image 
processing has matured, potentially 
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approaches were suffering and bringing 
new applications. The advancement of 
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